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Abstract 
In this paper, we report the synthesis and characterization of composites of polyaniline and aluminum doped tin oxide (Al-
SnO2/PANI) nanofibers for hydrogen gas sensing application. Al-SnO2/PANI composite nanofibers have been fabricated via 
electrospinning technique and subsequent calcination procedure. The as-prepared Al-SnO2/PANI composite nanofibers were 
investigated for structural characterizations by means of SEM, FTIR, UV-VIS and XRD. SEM revealed the nanofibers with the 
diameter around 200-300 nm formed a non-woven material with highly porous and agglomerated structure. FTIR and UV-VIS 
spectra revealed the possible incorporation of Al-SnO2 in PANI and confirmed the uniform attachment of PANI on the surface of 
Al-SnO2 nanostructures. XRD showed peak broadening and the peak positions shift from standard values, indicating presence of 
aluminum doped tin oxide in nanoparticles form in the polyaniline (PANI) matrix. On exposure to hydrogen gas (1000 ppm), it 
was found that the nanofibers of Al-SnO2/PANI composite showed high sensitivity at 48 oC with relatively faster 
response/recovery as compared to pure SnO2 and Al doped SnO2 nanofibers. 
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1. Introduction 
Environmental sustainability is a pressing and growing problem due to issues such as climate change, 
pollution and disturbances associated with biodiversity. A major cause of these environmental threats is pollutants in 
the atmosphere, Binions and Naik (2013). The gas sensors are highly in demand for detecting, monitoring and 
controlling the presence of hazardous and poisonous gases in the atmosphere. The fundamental requirements of 
highly sensitive, selective, stable and fast response gas sensors with economical considerations (multi gas sensor, 
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small size, low production time and low cost) have lead to extensive research and development in gas sensing area. 
Generally, these sensors are made of metal oxide semiconductors as sensing materials. Tin oxide (SnO2), compared 
to the other semiconductor materials based sensor, exhibits better response. Pure tin oxide, SnO2 is a remarkable n-
type semiconductor material having wide band gap ( a3.6 eV), and by making use of small quantity of dopant into 
its matrix, thin films of this material find use in several devices such as flat panel displays, gas sensors for the 
detection of H2, NH3 and NO2 gases, transparent electrodes, photo sensors, photo catalysts, antistatic coatings and 
solar cells (Tischner et al. 2008, Tai et al. 2007, Qiu et al. 2011, Patil et al, 2014). By doping, its conductivity 
increases by several orders of magnitude. However, the sensors incorporating doped tin oxide require an elevated 
temperature (≥ 200 ˚C) for their optimum operation (Berry and Brunet 2008, Hieu et al. 2008). In addition, the 
sensor operation at elevated temperature itself causes gradual changes in the tin oxide film properties, which in turn 
deviate gas sensing properties of the device with time (Hu et al. 2003, Kuang et al. 2007). Therefore, it is highly 
desirable to have sensors, which can operate at room temperature, but having comparable properties with that of tin 
oxide for gas sensing. Therefore further improvement in methods of material synthesis, surface modifications and 
sensor fabrication technologies, are required to achieve better performance in tin oxide based gas sensor (Xue et al. 
2005, Zhang et al. 2008). Many pure and doped SnO2 have been exposed with high sensing characteristics. 
Recently, many materials, such as Zn, Pt, Pd and Al have been proved to be effective dopants for the improvements 
of response or reaction speed or other characteristics of SnO2 (Kolmakov et al. 2005). Al is often chosen because of 
its properties that improve the oxygen dissociation reaction and its ability to change its oxidation state easily 
according to the gas environment (Korotcenkov and Cho 2012). In the last few decades, nanofibers have attracted 
the attention of researchers due to their remarkable micro and nano structural characteristics, high surface area, 
small pore size, and the possibility of their producing three dimensional structures that enable the development of 
advanced materials with sophisticated applications.  Nanofibers of aluminum (Al) doped SnO2 showed improved 
sensing properties due to increase in the magnitude of conductivity, but the high operating temperature (280-450 ˚C) 
of these sensors may be inadequate for measuring high H2 concentrations due to the danger of explosions. The 
conducting polymers have improved many aspects of the gas sensors especially in lowering the operating 
temperature to around room temperature. In addition to this, the ability to incorporate specific binding sites into 
conducting polymers promises the improvement of selectivity and sensitivity (Marsella et al. 1995). Among the 
various conducting polymers, Polyaniline (PANI) has been investigated as a potential material for H2 gas sensing 
applications, due to its controllable electrical conductivity, environmental stability and interesting redox properties 
associated with the chain nitrogen’s (Heeger 2002, MacDiarmid 2002). It is the unique type of conducting polymer 
in which the charge delocalization can, in principle, offer multiple active sites on its backbone for the adsorption and 
desorption of H2 gas. Hybridization of metal oxide and conducting polymer could improve the properties of pure 
metal oxides or conducting polymers based gas sensor (Arora et al, 2014). Since, the Nanofibers of polymeric 
materials i.e. nanofibers of Al-SnO2/PANI composites have large aspect ratio, large surface area to volume ratio and 
large porosity, such materials are best for sensing of different gases due to larger absorptive capacity for gas analyte.  
The interest in developing solid-state hydrogen gas sensor is due to the fact that presently hydrogen is 
considered as ‘near- future’ fuel. However, as hydrogen is highly explosive, safety remains a top priority. Hydrogen 
gas leaks easily from gas lines and systems and is one of the most explosive gases. In fact, a number of problems 
arise involving the storage of this gas. For this reason, there is a big demand of reliable, flexible and inexpensive H2 
gas sensors to prevent accidents due to its leakage, thus, saving lives and infrastructure (Adamyan et al. 2007, 
Ramesh et al. 2004). Hydrogen gas sensors can quickly and reliably detect hydrogen over a wide range of oxygen 
and moisture concentrations are not currently available (Ramesh et al. 2004, Yamazaki et al. 2005). At present, 
commercial hydrogen detectors are not suitable for widespread use, particularly in transportation, because they are 
too bulky, expensive, and some are dangerous (Yan et al. 2009, Fawcett et al. 2004). From the standpoint of the 
safety with the global environment, it is necessary today to develop new hydrogen gas sensors working at or near 
room temperature by using polymeric material at nanolevel. In addition, they should be small, cheap and easy to be 
implanted into microelectronic IC (Aroutiounian 2007, Shukla et al. 2003). In this work, a high-efficiency hydrogen 
sensor based on Al-SnO2/PANI composite nanofibers has been fabricated via electrospinning technique. 
Electrospinning seems to be the simplest and most versatile technique capable of generating (1D) nanostructures.  
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2. Experimental 
2.1. Materials and Methods 
SnCl2·2H2O, Aniline monomer (distilled under reduced pressure), ammonium peroxydisulphate (APS) and 
Polyvinyl pyrrolidone (PVP, Mw=1,300,000) were purchased from Aldrich. All supplement chemicals were of AR 
grade and used as received.   
2.2.  Fabrication of Al-SnO2 / PANI composite nanofibers 
In a typical procedure, 0.4 g of SnCl2·2H2O was dissolved in 0.4 g of as-prepared PANI/CSA from chemical 
oxidative method. Then, 4.4 g of DMF and 4.4 g of ethanol were mixed in it under vigorous stirring for 30 min. 
Subsequently, 1% Al (NO3)3.9H2O and 1.0 g PVP were added into the above solution under vigorous stirring for 45 
min. The mixture was loaded into a glass syringe with a needle of 0.5mm in diameter at the tip and was electrified 
using a high-voltage DC supply. Calcination (400˚C in air for 5 h) was performed to remove the organic constituents 
of PVP and crystallize the Al-SnO2. For electrospinning, the solution was kept in a vertical syringe with a stainless 
steel needle having an orifice of 0.5mm. The needle was electrically connected to a positive high voltage. 17 kV was 
provided between the tip of the spinning nozzle and the collector at a distance of 20 cm and the solution flow rate 
was kept at 0.4 ml/h, maintained using computer control programmer. Fig. 1 shows the systematic illustration of the 
whole process of synthesis of nanofibers for hydrogen sensing. The as-prepared nanofibers were characterized by 
Scanning electron microscopy (SEM, Carl Zeiss Model EVO-18, JSM-7600F), X-ray Diffraction (XRD, 
PANalytical diffractometer with Cu Kα), UV-Visible spectroscopy (SHIMADZU Spectrophotometer, Model-UV-
1800), Fourier transform infrared spectroscopy (FTIR,  Bruker Alpha Spectrophotometer) and Hydrogen gas sensing 
(Keitheley instruments Inc-Model 2000).  
3. Results and discussion 
3.1. Scanning Electron Microscopy (SEM) 
Fig. 2 (a) and 2 (b) shows the typical SEM images of 1% Al-SnO2 and 1 % Al-SnO2/PANI nanofibers 
respectively. From SEM micrographs, it is revealed that diameter of as-synthesized 1% Al-SnO2/PANI nanofibers 
increased as compared to pristine Al-SnO2 having the diameter of 200 nm may be due to encapsulation of PANI on 
the surface of Al-SnO2 composite, Kondawar et al. (2011). Morphologically, nanofibers of Al-SnO2 are uniform and 
fibers of Al-SnO2/PANI are not, which may be due to change in viscosity and surface tension of the solution 
prepared using equimass of PANI and SnCl2.2H2O. While comparing the porosity from their SEM images, Al-
SnO2/PANI shows more porous structure than that of the pristine Al-SnO2 nanofibers which causes better sensing 
properties even at low operating temperature. 
 
Fig. 1: Schematic illustration of the processes involved to prepare nanofibers for H2 Sensing 
  
a  
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Fig. 2(a):  SEM image of 1% Al-SnO2 nanofibers  
   
Fig. 2(b) SEM image of 1% Al-SnO2/PANI nanofibers 
3.2. UV-VIS spectroscopy 
UV-VIS spectroscopy was utilized to understand the electronic states of Al-SnO2 and Al-SnO2/PANI. Fig. 
3(a) shows UV-VIS spectra of 1% Al-SnO2 and 1% Al-SnO2/PANI nanofibers. The 1% Al-SnO2/PANI showed two 
characteristic bands, one at 404 nm in visible region corresponds to inter ring charge transfer ratio of benzenoid to 
quinoid moieties showing polaron-S* transition and arises owing to the doping level and the formation of polarons, 
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MacDiarmid and Epstein (1994) or Jiang et al. (1997) or Kim et al. (2001) and other at 324 nm in UV corresponds 
to S-S* transition of benzenoid ring and the insertion of Al-SnO2 in PANI. Optical absorbance studies for 1% Al-
SnO2 also shows the exact value 324 nm of characteristic peak due to the presence of Al-SnO2 in PANI matrix.  
 
Fig. 3. (a) UV-VIS spectra and (b) FTIR spectra of 1% Al-SnO2 and 1% Al-SnO2 /PANI nanofibers 
 
3.3. Fourier Transform Infrared Spectroscopy (FTIR) 
The FTIR spectra of Al-SnO2 and Al-SnO2/PANI nanofibers are shown in Fig. 3(b). Al-SnO2/PANI nanofibers 
shows the peak at 3743 cm-1 associated with the interaction between Al-SnO2 and PANI by formation of hydrogen 
bonding between H-N and oxygen of SnO2. The vibration band seen around 2376 cm-1 has been ascribing to the 
aromatic C-H vibration. The 1550-1650 cm-1 vibration band is due to the C-N stretching vibration of quinoid rings 
whereas 1439-1498 cm-1 vibration band arises due to the C-N stretching vibration associated with the benzenoid ring 
of PANI. In the region close to 1350 cm-1 the peaks are attributed to the presence of aromatic amines present in 
polyaniline. The 1038 cm-1 vibration band is due to S=O bonding for camphor sulphonic acid and the  peaks at 
around 650-750 cm-1 corresponds to the C-C, C-H bonding mode of aromatic ring and which is due to the Sn-O-Sn 
stretching. Al-SnO2 nanofibers shows a broad peak around 600 nm corresponds to the Sn-O-Sn stretching which 
confirms the formation of Al-SnO2. 
3.4. X-Ray Diffraction  
Fig. 4 shows the XRD patterns for 1% Al-SnO2 and 1% Al-SnO2/PANI nanofibers. All the strong 
diffraction peaks of Al-SnO2 nanofibers can be perfectly indexed as the tetragonal rutile structure for SnO2 (ICDD 
DATA CARD 41-1445), Chang et al. (2008). There is no indication of the presence of any dopants-related 
diffraction peaks for the Al-doped sample implying the high dispersion or the poor crystallinity of dopant related 
nanoparticles. In the Al-SnO2/PANI nanofibers, most of the peaks are found to be broadened due the polycrystalline 
effect of PANI as compared to those of Al-SnO2. The broad peak due to PANI around 26˚ has been found to be 
merged with that of Al-SnO2 at 26.66˚. In addition, the reduced intensity of the peaks was observed compared with 
the XRD of pure Al-SnO2. The main dominant peaks of Al-SnO2 were identified at 2T = 26.66˚, 34.18˚, 52.3˚, 
61.34˚, 64.4˚ and 65.54˚ which corresponding to (1 1 0), (1 0 1), (2 1 1), (1 1 2), (3 0 1) and (3 0 2) and the three 
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strong peaks are assigned to the (1 1 0), (1 0 1) and (2 1 1). PANI deposited on the surface of Al-SnO2 particles has 
no effect on the crystallization behaviour of Al-SnO2 particles in the nanocomposites.  
Fig. 4. XRD patterns of 1% Al-SnO2 and 1% Al-SnO2/PANI nanofibers 
 
3.5.   Hydrogen Gas Sensing  
In order to systematically investigate the hydrogen gas sensing properties of 1% Al-SnO2/PANI nanofibers 
sensor in comparison with the 1% Al-SnO2, the study of gas sensing response for 1000 ppm with temperature was 
carried out. A series of experiments at different temperatures was performed to obtain the optimal operating 
temperature for H2 detection. Before exposing to the target gas, sensor was stabilized for 6 hour at the room 
temperature and then the temperature was computerized set when the sensor was exposed to 1000 ppm of hydrogen 
gas with help of (Keitheley instruments Inc. Model 2000). Fig. 5 (a) and Fig. 5 (b) represents the sensitivity and 
response to H2 gas respectively for the 1% Al-SnO2/PANI nanofibers.  
It has been observed that there is no appreciable change in the resistance of 1% Al-SnO2, on exposure to 
different concentrations of H2 gas at room temperature. It was found that 1% Al-SnO2/PANI nanofibers showed 
better response to H2 gas as compared to that of 1% Al-SnO2 reported, Xu et al. (2011). The maximum sensitivity at 
very low temperature (48 oC) was observed for 1% Al-SnO2/PANI nanofibers, whereas 1% Al-SnO2 nanofibers 
showed the maximum sensitivity at 340˚C for 100 ppm hydrogen gas, Xu et al. (2011). When PANI mixed with Al-
SnO2, then nanocomposite will have synergistic effect of both the components due to which the composite material 
requires less amount of energy for the electrons to move from valance band to conduction band i.e. the carrier 
mobility increases. In presence of Al-SnO2 crystallites, the PANI matrix gets modified structure electronically. 
Therefore, the resulting material will operate at lower temperatures compared to pure Al-SnO2. On exposure to H2 
gas, 1% Al-SnO2/PANI nanofibers film resistance decreased by more than an order of magnitude from its original 
value, indicating that the electrical resistance of the film is a sensitive parameter in the presence of hydrogen gas. 
Al-SnO2 crystallites being an n-type surrounded by p-type PANI molecules make p–n junction like formation 
locally in composite film. The n-type nature of Al-SnO2 crystallites annihilate the holes of PANI molecules, near its 
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boundary making a depletion region, which in turn makes the overall PANI matrix electrically more insulating in 
nature, Deshpande et al. (2009). On exposing the composite film with hydrogen which can be permeated into the 
PANI matrix freely, some of the hydrogen molecules might reach into the depletion region, which is surrounding the 
Al-SnO2 crystallite and act as a dielectric between the PANI and Al-SnO2 border. The depletion region field might 
polarize the hydrogen molecules, and in turn provide a positive charge to PANI molecules, which can become 
mobile on its transfer to the central N atom of PANI molecule. This process creates some free holes on PANI 
molecules, which increase the hopping conductivity of the film, and therefore make the composite film relatively 
more conducting electrically. Once the process of polarizing the hydrogen molecules by p–n junction like formation 
is saturated, this mechanism cannot generate additional holes in the composite PANI film and therefore no 
additional change in the film conductivity occurs even by further addition of hydrogen to it.  
Fig. 5 (a) Sensitivity and (b) Response of 1% Al-SnO2/PANI nanofibers 
The response of sensor was monitored in terms of the normalized resistance calculated by Response = R0/Rg 
and the sensitivity factor was monitored in terms of the % sensitivity calculated by % sensitivity = ∆R/R0. Where 
∆R is the variation in resistance of composite films from baseline after exposure to H2 gas, Rg is the resistance of 
the sensor in presence of H2 gas and R0 is the initial baseline resistance of the films and as per the definitions of 
‘Response time (RP)’ and ‘Recovery time (RC)’ for gas sensing, the values of RP and RC for 1% Al-SnO2/PANI 
nanofibers were estimated to be a2 sec and a 2 sec respectively while ‘Response time (RP)’ and ‘Recovery time 
(RC)’ for 1% Al-SnO2 were estimated to be a3 sec and a 2 sec respectively at 340˚C for 100 ppm hydrogen gas. 
4. Conclusion 
The nanofibers of Al-SnO2 and Al-SnO2/PANI composite with the diameter around 200-300 nm were 
synthesized successfully via electrospinning technique. The interaction between aluminum doped SnO2 and PANI 
was confirmed from FTIR, UV-VIS and XRD spectra. The 1% Al-SnO2/PANI hybrid material showed high 
sensitivity to H2 gas (1000ppm) at an operated temperature 48˚C with relatively faster response and recovery. In 
comparison to the pure SnO2, Al-SnO2 and PANI based sensors reported earlier, the 1% Al-SnO2/PANI sensor in the 
present study exhibits the faster response and higher sensitivity for hydrogen gas at room temperature. 
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